Human oocyte maturation is a precondition for fertilization and ensuing embryonic development. Previously, we identified TUBB8 variants as a genetic determinant of human oocyte maturation arrest and showed that these variants cause variable and mixed phenotypes in oocyte maturation and early embryo development. We also estimated that rare inherited or de novo variants in the TUBB8 gene accounted for 30% of individuals in a small cohort of patients affected by oocyte maturation arrest. In the present study, we recruited a further 87 patients from unrelated families diagnosed with oocyte maturation or early embryonic arrest and identified 30 patients carrying TUBB8 variants. The corresponding phenotypes not only include oocyte maturation arrest, failure of fertilization, and early embryonic arrest, but also extend to the new phenotype of failure of embryo implantation. These observations provide the most detailed mutational and phenotypic spectrum of TUBB8, further extend the spectrum of variants and dysfunctional oocyte and embryo phenotypes caused by TUBB8 variants, and confirm previous findings for a critical role of TUBB8 during oocyte maturation and early embryonic development. Thus, TUBB8 mutation screening might not only be a genetic diagnostic marker for patients with oocyte maturation arrest, but might also have clinical implications for evaluating the competence of patients' functional oocytes with first polar body (PB1).
Introduction
Successful reproduction requires gamete maturation, fertilization, and early embryonic development. Oocyte maturation consists of a series of morphological and molecular changes, from germinal vesicle oocytes, to metaphase I oocytes, and finally to metaphase II oocytes [1] [2] [3] [4] . Failure in any of the steps of oocyte maturation will lead to infertility [5] .
In the early 1990s, the first cases of primary female infertility were diagnosed as oocyte maturation arrest after recurrent failure of in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) attempts [6] . Some similar cases were subsequently reported [7] [8] [9] [10] . However, the molecular causes for the symptoms in these patients were unknown. TUBB8 is a highly conserved primate-specific β-tubulin isotype that is specifically expressed in oocytes and early embryos. Recently, we identified TUBB8 [MIM 616768] as the first disease-causing gene in oocyte arrest at the MI stage [11] . In subsequent studies, other variants in TUBB8 were identified by us and others [12] [13] [14] , and a total of 26 different variants, including heterozygous/compound heterozygous missense variants, frameshift/non-frameshift deletions, and whole-gene deletions, were identified. It has also been estimated that variants in the TUBB8 gene might account for around 30% of patients with oocyte maturation arrest in a small cohort (n = 43) [12] . In addition, a few variants in TUBB8 show other phenotypes, such as failure of fertilization and early embryonic arrest [12, 13] .
To further investigate the mutational and phenotypic spectrum of TUBB8 in female infertility, we sequenced exons of TUBB8 in a large cohort of female infertility patients with recurrent failure of IVF/ICSI characterized by problems with oocyte maturation, embryonic development, and implantation failure (n = 87). We identified 30 new patients with TUBB8 variants from unrelated families. In addition to the previously known phenotypes caused by TUBB8 variants, including oocyte maturation arrest, fertilization failure, and early embryonic arrest, we also observed the new phenotype of embryo implantation failure. These findings thus provide the most detailed mutational and phenotypic spectrum of TUBB8.
Methods

Human samples
Eighty-seven female infertility patients with recurrent failure of IVF and ICSI caused by abnormal development of oocytes and embryos were recruited from the Center of Reproductive Medicine, Shengjing Hospital, the Center of Reproductive Medicine, Shanghai Ninth Hospital affiliated to Shanghai Jiao Tong University, and the Shanghai Ji Ai Genetics and IVF Institute. Peripheral blood was sampled for DNA extraction. The study was approved by the ethics committee of the Medical College of Fudan University.
TUBB8 resequencing
Genomic DNA from patients and their family members was extracted from peripheral blood based on the previous protocol [11] . Four exons were amplified using specific primers [13] . Amplicons were then direct sequenced by Sanger sequencing, and the sequences were aligned to the reference sequence of TUBB8 (NM_177987.2, MIM 616768) with the CodonCode software to identify rare variants. The frequencies of the variants were analyzed using the ExAC database [15] , and the functional effects of the variants were predicted by PolyPhen-2 [16] and PRO-VEAN [17, 18] 
Evaluation of oocyte and embryo phenotypes
Human oocytes were obtained from affected individuals and controls undergoing clinical IVF/ICSI. The morphologies of oocytes and embryos were examined by light microscopy, while the spindles of the oocytes were examined by polarization microscopy with an inverted microscope system (OLYMPUS IX71). Oocyte immunostaining was performed as previously described [13] . Briefly, oocytes were first fixed in 2.0% paraformaldehyde then incubated in membrane permeabilizing solution for 20 min and blocking buffer for 2 h. The oocyte spindles were stained with an anti-β-tubulin-FITC antibody (1:400 dilution, F2043, Sigma-Aldrich, US), while Hoechst 33342 (1:600 dilution, BD) was used to label DNA. Finally, images of oocytes were obtained on a confocal microscope (Leica TCS SP8, Germany)
Results
Mutational spectrum of TUBB8
We identified a total of 28 missense variants, 1 non-sense variant, and 3 frameshift insertion/in-frame deletion variants from 30 families, including 19 novel variants and 2 novel recurrent variants (c. It is also possible that there might exist a modifier gene in the two families. In silico analysis showed that nearly all of the variants are deleterious to the function of TUBB8 as predicted by PolyPhen-2 and PROVEAN and that they all ) or are absent in the EXAC database. In addition, all altered residues are strictly evolutionarily conserved among primate species (Fig. 2b) .
Phenotypic spectrum of patients with TUBB8 variants
The clinical characteristics of the oocytes retrieved from the affected individuals are summarized in Table 2 . Polarization microscopy determination and immunofluorescence analysis showed that some affected individuals had missing or abnormal spindles in contrast to the spindles seen in normal MI oocytes (Fig. 3) . Our results showed that the patients carrying different variants had variable phenotypes, including (1) oocytes that were completely arrested at an immature stage, especially at the MI stage (Families 2/5/9/ 10/11/13/16/19/21/22/27/29), (2) first polar body (PB1) oocytes that could be retrieved, but failed to be fertilized (Families 6/7/17/28), (3) PB1 oocytes that could be fertilized, but the embryos failed to cleave (Families 1/15/17/ 23), (4) PB1 oocytes that could be fertilized and the embryos could be cleaved, but the embryos subsequently led to developmental abnormalities at an early stage (Families 3/4/20/24/25/26), and (5) some normal appearing embryos that had implantation potential (Families 3/4/15/ 17/20/23/26) but failed to conceive after implantation. These observations further expand the range of dysfunctional oocyte and embryo phenotypes that result from TUBB8 variants.
Discussion
In this study, we identified an additional 25 families with heterozygous variants, 3 families with homozygous variants, and 2 families with compound heterozygous variants in TUBB8, and these included dominant and recessive inheritance patterns and de novo variants. The variants cause variable phenotypes, including abnormalities in oocyte maturation, fertilization, embryonic development, and implantation. In addition, it is worth noting that the patients in Family 4 and Family 8 had variants inherited from their mothers, which suggests that an incomplete c.527C>T 
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The comprehensive mutational and phenotypic spectrum of TUBB8 in female infertilitypenetrance pattern might exist for these variants. Alternatively, a modifier gene might exist in the two families. We previously established that TUBB8 is mainly involved in the assembly of human oocyte spindles [11] , and it is notable that the three homozygous variants (c.721C>T; p.(R241C), c.1205dupG; p.(M403Hfs*3), and c.1270C>T; p.(Q424*)) are predicted to result in no functional β-tubulin VIII polypeptides in the oocytes. Consistent with our previous study [12] , oocytes carrying these three variants exhibited visible spindles by immunostaining, but these spindles all had aberrant morphologies (Fig. 3) . These results further confirm that other β-tubulin isotypes also contribute to spindle formation and further demonstrate that the TUBB8 protein is required for proper spindle assembly and morphology.
Oocytes with normal competence refers to oocytes that undergo both nuclear maturation, as indicated by extruding PB1, and cytoplasmic maturation, as indicated by development into successfully implanted embryos. In addition to the previously observed phenotypes of oocyte maturation arrest, fertilization failure, and early embryonic arrest that result from TUBB8 variants [11] [12] [13] b Immunostaining analysis of oocytes from patients. Oocytes were immunolabeled with an anti-β-tubulin antibody to visualize the spindle (shown in green) and counterstained with Hoechst 33342 to visualize the DNA (shown in blue). Scale bars in a 50 µm due to TUBB8 variants, despite of seemingly normal morphology. Thus, our present results expand the mutational and phenotypic spectrum of TUBB8 in infertility patients. We hypothesize that the differentiated phenotypes incurred by the different variants result from different threedimensional protein conformations that alter the interactions between TUBB8 and other microtubule-associated proteins. When combining our previous and current data, variants in TUBB8 account for 35.4% of all 130 patients that we have identified with recurrent failure of IVF and ICSI caused by problem with oocytes and embryos. Thus, TUBB8 mutation screening might not only be a genetic diagnostic marker of oocyte maturation arrest for this specific cohort of patients, but might also have clinical implications for evaluating the competence of patients' functional PB1 oocytes.
